Environmental factors clearly affect colorectal cancer (CRC) incidence, but the mechanisms through which these factors function are unknown. One prime candidate is an altered colonic microbiota. Here we show that the mucosal microbiota organization is a critical factor associated with a subset of CRC. We identified invasive polymicrobial bacterial biofilms (bacterial aggregates), structures previously associated with nonmalignant intestinal pathology, nearly universally (89%) on right-sided tumors (13 of 15 CRCs, 4 of 4 adenomas) but on only 12% of left-sided tumors (2 of 15 CRCs, 0 of 2 adenomas). Surprisingly, patients with biofilmpositive tumors, whether cancers or adenomas, all had biofilms on their tumor-free mucosa far distant from their tumors. Bacterial biofilms were associated with diminished colonic epithelial cell E-cadherin and enhanced epithelial cell IL-6 and Stat3 activation, as well as increased crypt epithelial cell proliferation in normal colon mucosa. High-throughput sequencing revealed no consistent bacterial genus associated with tumors, regardless of biofilm status. However, principal coordinates analysis revealed that biofilm communities on paired normal mucosa, distant from the tumor itself, cluster with tumor microbiomes as opposed to biofilm-negative normal mucosa bacterial communities also from the tumor host. Colon mucosal biofilm detection may predict increased risk for development of sporadic CRC.
colorectal cancer | microbiome | biofilm | bacterial communities | adenoma W hen healthy, the colon is covered by a mucus layer that segregates the microbiota from direct contact with the host colonic epithelium (1) . Breaches of this protective mucus layer with resulting increased contact between mucosal microbiota and the colonic epithelial cells have been proposed as a critical first step in inciting changes in tissue biology and/or inflammation that yield inflammatory bowel disease (2) (3) (4) . Concomitant with increased access to the mucosal epithelium, microbial community communication (such as quorum sensing) is predicted to change, thereby modifying microbial structure and function and often resulting in biofilm formation (5) . Biofilms are defined as aggregations of microbial communities encased in a polymeric matrix that adhere to either biological or nonbiological surfaces. Biofilms that invade the colonic mucus layer and come into direct contact with mucosal epithelial cells indicate a pathologic state (6, 7) . Biofilms characterize numerous chronic mucosal disease states in and outside of the colon (including inflammatory bowel diseases, pharyngo-tonsillitis, otitis media, rhinosinusitis, urethritis, and vaginitis), where direct bacterial contact with epithelial cells results in perturbed epithelial function and chronic inflammation (8) . However, no association of biofilms with colorectal cancer (CRC) pathologic states has been reported.
Results
Herein, we systematically studied the microbial communities associated with surgically resected colorectal tumors (CRC and adenomas) compared with paired pathologically tumor-free mucosa (herein referred to as "normal") [SI Appendix, Tables S1 and S2, Johns Hopkins Hospital (JHH) and University of Malaya
Significance
We demonstrate, to our knowledge for the first time, that bacterial biofilms are associated with colorectal cancers, one of the leading malignancies in the United States and abroad. Colon biofilms, dense communities of bacteria encased in a likely complex matrix that contact the colon epithelial cells, are nearly universal on right colon tumors. Most remarkably, biofilm presence correlates with bacterial tissue invasion and changes in tissue biology with enhanced cellular proliferation, a basic feature of oncogenic transformation occurring even in colons without evidence of cancer. Microbiome profiling revealed that biofilm communities on paired normal mucosa cluster with tumor microbiomes but lack distinct taxa differences. This work introduces a previously unidentified concept whereby microbial community structural organization exhibits the potential to contribute to disease progression.
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Medical Centre (UMMC), respectively]. The normal colon tissues were obtained from the margins of the resected specimens furthest from the site of the tumor (SI Appendix, Fig. S1 ). In addition, we studied colon biopsies obtained from individuals without colorectal tumors and without a diagnosis of inflammatory colonic disease undergoing routine screening colonoscopy at JHH (SI Appendix, Table S3 ).
Using samples from JHH, we first compared the spatial relationship of the microbiota with the host mucus layer and colonic epithelium using FISH. Carnoy's solution-fixed, paraffinembedded tissues, known to preserve the mucus layer, were uniquely suited for this purpose and were used whenever possible. To detect all bacterial populations, we hybridized the tissues with a probe (Eub338) targeting the conserved 16S ribosomal RNA bacterial domain (9) . Bacterial biofilms were defined as massive bacterial invasions (>10 9 bacteria/mL) of the mucus layer spanning at least a linear distance of 200 μm of the epithelial surface. Bacterial biofilms were identified by FISH analysis on 50% (15 of 30) and 67% (4 of 6) of all evaluated CRCs and adenomas, respectively ( Fig. 1A and SI Appendix, Fig. S2 ). Bacterial biofilm presence on tumors was ordered by geographical location along the colonic axis. Unexpectedly, tumors in the ascending colon and hepatic flexure were biofilm-positive in 87% (13 of 15) and 100% (4 of 4) of CRCs and adenomas, respectively, whereas tumors located in the transverse and descending colon displayed biofilms in 13% (2 of 15) and 0% (0 of 2) of CRCs and adenomas, respectively (P = 0.0001 for carcinomas and P = 0.067 for adenomas, Fisher's exact test; Fig. 1C ). Surgical resection samples from the UMMC confirmed this geographical ordering of bacterial biofilm presence on tumors. Namely, in this Malaysian population, all four tumors harvested from the ascending colon and hepatic flexure were biofilm positive, whereas 22% of tumors (4 of 17 CRCs and 0 of 1 adenoma) from the transverse and descending colon were biofilm positive (SI Appendix, Table S2 ). Biofilm presence was not associated with age, sex, race, CRC stage, tumor size, bowel preparation, or histopathologic classification.
All biofilm-covered CRCs and adenomas exhibited the remarkable feature of bacterial invasion into the tumor mass ( Fig. 2A and SI Appendix, Fig. S3 A and B, white arrows) not detected in biofilm-negative tumors. SEM of a tumor sample subset was consistent with the FISH results, revealing both direct bacterial-epithelial surface contact and a dense biofilm comprising mixed bacterial morphologies on all ascending colon tumors, with few mucosal bacteria detected on tumors distal to the hepatic flexure (Fig. 1D) . These data further confirm that a breach of the colonic protective mucus layer is strikingly dictated by colon geographic location. Embryologic development is often used to define the right colon as comprising the cecum through most of the transverse colon and the left colon as the distal transverse colon (near the splenic flexure) through the rectum (10) . However, on the basis of the discrete anatomical distribution of biofilms identified in our study, we defined right colon cancer as proximal to the hepatic flexure and left colon cancer as distal to the hepatic flexure (Fig. 1C) .
To determine whether biofilm formation was specific for the tumor microenvironment, we next used FISH to examine the paired normal colon tissues obtained from the surgical resection margin furthest from the tumor mass (SI Appendix, Fig. S1 ). No biofilms were detected on the paired normal surgically resected colon tissues from patients with biofilm-negative tumors (adenomas or CRCs). In striking contrast, all but one normal colon tissue sample from patients with biofilm-covered tumors were biofilm positive. This was true for patients with both adenomas and carcinomas, regardless of their location within the colon. Of note, the single surgically resected normal tissue on which we failed to detect a biofilm was fixed in formalin rather than Carnoy's and thus not optimized for mucus preservation (1) . Although biofilm bacterial density did not differ between tumors (CRCs or adenomas) and their paired normal colon tissues, biofilm depth was significantly increased on tumor samples compared with their paired normal colon tissues (P = 0.001 for CRCs, P = 0.028 for adenomas; Fig. 1B ). These findings demonstrate that biofilm formation represents a broad regional alteration in host epithelial-microbiota association not restricted to tumor tissue.
Screening colonoscopy biopsies from healthy individuals were typically covered with a mucus layer devoid of bacteria ( Fig. 1A and SI Appendix, Fig. S2 ). A subset of colonoscopy biopsies (15 of 120, 13%) revealed thin bacterial biofilms with an average density of 10 8 bacteria/mL (Fig. 1B) . Biofilm formation on colonoscopy biopsy tissues did not differ by colon location (8 of 60, right colon vs. 7 of 60, left colon) (SI Appendix, Fig. S1B) . Thus, the right colon does not have a greater likelihood of bacterial biofilm development in a cancer-free host. These findings in the healthy host are consistent with past reports detecting biofilms on ∼15% of biopsies from asymptomatic individuals (11) .
We next evaluated the composition and spatial organization of specific bacteria within the biofilms using fluorescence spectral imaging using 11 group-and species-specific FISH probes to target the majority (85%) of the major groups of bacteria identified by sequencing (SI Appendix, Table S4 and Datasets S1-S3). Combinations of nine probes were selected for simultaneous hybridization to the tissues. Sixteen biofilm-covered tumors (three adenomas from two patients, 13 CRCs) and their paired normal mucosa were available for analysis along with normal mucosa from five right and four left colonoscopy biopsies (in three cases, biopsies were available from both the right and left colon). All biofilms, whether associated with normal colon mucosa or tumor tissue, were polymicrobial ( Fig. 2 A-C) . Predominant bacterial phyla associated with adenomas and CRCs were Bacteroidetes and Firmicutes (family Lachnospiraceae including Clostridium, Ruminococcus, and Butyrivibrio). A subset of tumors harbored predominant populations of Fusobacteria (4 of 16) or Gammaproteobacteria (1 of 16) (determined to be the Enterobacteriaceae family) (SI Appendix, Fig. S3 ). Using this multiprobe method, the tumor-invading bacterial groups present in all CRC and adenoma tissues were also identified in the biofilm bacterial composition on the tumor surface consistent with tissue invasion by a subset of these bacterial groups ( Fig. 2A and SI Appendix, Fig. S3 A and B) . Biofilms identified on surgically resected, normal tissues were also consistently diverse, composed of Bacteroidetes, Lachnospiraceae, and Gammaproteobacteria (Fig. 2B) . Biofilms detected on normal mucosa obtained at colonoscopy from patients without CRC were similarly composed of Bacteroidetes and Lachnospiraceae (Fig. 2C) . A subset of biofilm-positive surgically resected normal mucosa from patients with tumors (4 of 16, three tissues from CRC patients and one from an adenoma patient) also revealed bacterial invasion into the colonic epithelial cells or submucosa ( Fig. 2D and SI Appendix, Fig. S4 ). No mucosal biopsies with or without biofilms from healthy individuals undergoing colonoscopy revealed invasive bacteria.
To further evaluate the colonic microbiota associated with these samples, high-throughput 454 pyrosequencing targeting the hypervariable V3-V5 region of the 16S ribosomal RNA gene was performed on DNA extracted from the mucosa of 23 CRCs, two adenomas and their paired surgically resected normal tissues, and 22 biopsies obtained on colonoscopy of healthy control patients (11 right and left-matched pairs, none biofilm positive) (SI Appendix, Datasets S1-S3).
Sequence analysis revealed substantial overlap between tumors (adenomas or CRCs) and paired normal tissue bacterial . Normal colonoscopy biopsies from healthy individuals without CRC (n = 21, red) and surgically resected normal tissues without a biofilm from patients with CRC (n = 12, orange) transition to normal tissues with a biofilm from patients with CRC (n = 13, green) that cluster more closely to biofilm-positive adenomas (n = 2, dark blue squares) and CRCs with (n = 12, dark blue) and without (n = 11, light blue) biofilms.
membership at the genus level; tumor bacterial membership was a complete subset of their normal pair in 52% of tumor-normal sets (SI Appendix, Dataset S3). Among the 25 tumor-normal paired tissue samples, eight CRCs (32%, four right and four left), but not their paired surgically resected normal tissues, were Fusobacteria dominant (≥25% of total sequences) ( Fig. 2E and SI Appendix, Fig. S5 ), a finding compatible with recent reports (12) (13) (14) (15) . No biopsies from healthy controls displayed dominant membership of Fusobacteria (Fig. 2E and SI Appendix, Fig. S5 ). Collectively, our data are consistent with the concept of "on tumor:off tumor" communities, as previously reported (16) .
We detected nine differentially abundant genus-level groups in colonoscopy biopsies compared with paired normal biofilmpositive tissue samples from tumor patients (false discovery rate <3%), including significant enrichment of Lactococcus, Leuconostoc, and Comamonas and other Burkholderiales members in colonoscopy biopsies, and conversely, a 10-fold relative increase of a candidate Ruminococcaceae member in surgically resected paired normal biofilm-positive tissue samples. In contrast, we detected significant depletion of Bacilli and some Bacteroidetes members in surgically resected normal biofilm-positive tissue samples, with on average 28-and sevenfold lower relative abundance than surgically resected normal biofilm-negative samples, respectively (false discovery rate <5%).
The differences between tissues with and without a biofilm from the tumor host were highlighted by unweighted Unifrac distance analysis and principal coordinate analysis (PCoA), which revealed a striking progression of bacterial dysbiosis in biofilmpositive relative to biofilm-negative mucosa, despite the minimal differentially abundant taxa between the two groups ( Fig. 2 E and F and SI Appendix, Fig. S6 and Dataset S3). These analyses revealed discrete clustering of normal colonoscopy biopsies relative to tumor-associated communities (Fig. 2F and SI  Appendix, Fig. S6) ; microbial populations from these two sample Evaluation of E-cadherin and IL-6 by immunofluorescence (green) and activated Stat3 (pStat3, brown nuclei) by immunohistochemistry. Blue, nuclear DAPI counterstain; red, smooth muscle antigen. [Scale bars, 100 μm (E-cadherin) and 50 μm (IL-6, pStat3).] (A) Normal colonic tissues associated with a biofilm from patients with CRC (Left), obtained during surgery, display diminished crypt colonic epithelial cell E-cadherin (white arrows, n = 7 biofilm-positive or -negative tissues) and increased epithelial cell IL-6 (white arrows, n = 13 biofilm-positive or -negative tissues), as well as epithelial cell pStat3 (black arrows, n = 16 biofilm-positive and n = 12 biofilm-negative tissues). Normal colonic tissues without a biofilm from patients with CRC (Right), likewise obtained during surgery, display intact E-cadherin. IL-6 and pStat3 are detected in the lamina propria. (B) Biofilm-positive colonoscopy biopsies from subjects without CRC (Left) display epithelial cell E-cadherin redistribution (Inset) and increased tissue IL-6, whereas biofilm-negative colonoscopy biopsies (Right) display intact E-cadherin and modest lamina propria IL-6 expression. pStat3 is observed in the lamina propria immune cells in both biofilm-positive and biofilm-negative colonoscopy biopsies. (C-F) Quantification of crypt cell E-cadherin (fluorescence intensity), epithelial cell IL-6 [fluorescence intensity and isolated colonic epithelial cells (CEC) by ELISA], and epithelial cell pStat3 (immunohistochemistry) from A are shown in C-F, respectively. Data displayed as bar and whisker graphs, where line designates the median, boxes the 25/75th percentile, and whiskers the 95th percentile (C and D) or mean ± SD (E and F). Details in SI Appendix, Materials and Methods. SI Appendix, Figs. S10 and S11 show additional E-cadherin, IL-6, and pStat3 quantification from A and B.
types were the most structurally divergent (P < 8e-7). Communities from CRC-associated normal mucosa without biofilm were on average significantly closer in overall structure to healthy colonoscopy biopsy populations than to CRC-associated communities (P = 0.001). In striking contrast, biofilm-positive normal tissue communities were significantly closer in structure to CRC-associated populations than to those from healthy biopsies (P = 1e-8). This distinction supports the notion that biofilm presence correlates with the dysbiosis detected within the tumor-associated microbiota. Our findings suggest that stepwise colon mucosal microbial community dysbiosis, largely with depletion of common microbiota community members, parallels the transition from normal colon mucosa to CRC.
Can biofilms modify epithelial biology before initiation of transformation? To evaluate this conjecture, we conducted analyses of colonic epithelial cell biologic changes relevant to carcinogenesis, including barrier permeability (using the cellcell adhesion molecule epithelial cadherin (E-cadherin) detection as a marker) (17, 18) , interleukin 6 (IL-6), signal transducer and activator of transcription 3 (STAT3) activation (19, 20) , proliferation, and apoptosis in normal tissues from CRC patients as well as from healthy individuals. Loss of E-cadherin activates Wnt signaling in colon cancer and IL-6-driven Stat3 activation in colonic epithelial cells is critical to colon carcinogenesis in multiple murine models. These analyses showed marked differences between biofilm-positive and biofilm-negative normal colon tissues from the CRC host. Namely, biofilmpositive normal tissues in the CRC host displayed significantly reduced crypt cell E-cadherin (Fig. 3 A and C) , with significantly increased epithelial cell IL-6 (Fig. 3 A, D , and E and SI Appendix, Fig. S7 ). Consistent with the IL-6 colonic epithelial cell localization, Stat3 activation (measured by pStat3 immunohistochemistry) was significantly increased in the epithelial cells (Fig. 3 A and F) . Consistent with the action of Stat3 to promote epithelial cell proliferation and survival (19) , we further detected a significant increase in crypt epithelial cell proliferation, as measured by Ki67 staining, in normal tissues covered with biofilms from CRC patients compared with normal tissues without a biofilm, also from CRC patients (P ≤ 0.0001; Fig. 4A ). In contrast, biofilm-negative normal colon tissues from the CRC host displayed intact E-cadherin ( Fig. 3 A and C and SI Appendix, Fig.  S9 ). Lamina propria IL-6 and Stat3 activation did not differ between biofilm-positive and -negative normal colon tissues, both from the CRC host (Fig. 3A and SI Appendix, Figs. S8 and S10A). Notably, although epithelial cell E-cadherin was quantitatively unchanged (Fig. 3B and SI Appendix, Fig. S11 A and B) in biofilm-positive vs. biofilm-negative colonoscopy biopsies from healthy subjects without CRC, E-cadherin localized to the basal pole of the epithelial cells in biofilm-positive colonoscopy biopsies from healthy subjects without CRC (Fig. 3B, Insets) . IL-6 detection was also significantly increased in biofilm-positive colonoscopy biopsies from healthy subjects without CRC ( Fig.  3B and SI Appendix, Fig. S11C ), whereas Stat3 activation was similar in biofilm-positive and -negative colonoscopy biopsies from healthy subjects ( Fig. 3B and SI Appendix, Fig. S10B ). Nonetheless, epithelial cell proliferation was significantly increased in biofilm-positive colonoscopy biopsies from healthy individuals (P ≤ 0.01; Fig. 4B ). In parallel, TUNEL staining was performed to determine whether increased proliferation was simply a byproduct of increased cell turnover (SI Appendix, Fig.  S12 ). Importantly, epithelial cell apoptosis was not increased in biofilm-positive tissues, suggesting that the increased epithelial proliferation measured is a prooncogenic state. This contrasts with the biofilm-negative normal tissues from the CRC host, where lower proliferation (Fig. 4A) was associated with significantly increased apoptosis (SI Appendix, Fig. S12 ). Spearman correlations between Ki67 staining and genus-level relative abundances were sought in samples stratified by biofilm positive and negative status. No genera significantly correlated with the Ki67 counts in any subgroup.
Discussion
Although it has been long suspected that bacteria contribute to chronic inflammation leading to CRC, to our knowledge this is the first time that bacterial biofilms, a known driver of tissue inflammation (3), have been identified in CRC. Further, our data show that biofilm formation in both the colon cancer host and healthy subjects is associated with reduced or redistributed colonic epithelial cell E-cadherin, consistent with increased epithelial permeability. Our detection of enhanced IL-6 associated with biofilm formation even in healthy subjects without CRC suggests that early biofilm formation can initiate procarcinogenic tissue inflammation; in the cancer host with biofilm formation, IL-6 is notably localized in colonic epithelial cells with Stat3 activation. The IL-6 family of proinflammatory cytokines and their downstream effector Stat3 have been shown to promote CRC through increased epithelial proliferation, diminished apoptosis, and/or angiogenesis (19, 20) . Thus, our data support a model whereby biofilm formation enhances epithelial permeability that increases direct access of bacterial antigens/mutagens to an unshielded epithelial surface and promotes procarcinogenic tissue inflammation. Collectively these events are predicted to induce epithelial cell mutations with consequent increased proliferation of colonic epithelial cells. In this regard, a key observation linking biofilm formation to tumor biology is our identification of the tight association between mucosal biofilm formation and the procancerous state of increased pithelial proliferation. Individual genetic polymorphisms likely govern the composition of the mucosal immune response to the mucosal biofilms, with Th17-dominant mucosal immune responses increasingly associated with oncogenesis and poor outcomes in CRC (21, 22) .
It has been hypothesized that differences in diet have significant effects on the gut microbiome and, thus, whether diet relates to biofilm status is an interesting question. Definitive diet-microbiome correlations require large epidemiologic studies that are difficult to control. We do note that the primary associations between biofilms on tumor and associated normal mucosa predominantly in right-sided colon cancers are faithfully reproduced in a population of CRC patients from Malaysia, which, in general, has a very different diet and environmental exposures than the United States. That biofilm patterns in colon cancer are so similar in such different populations, despite likely differences in microbiota, emphasizes the importance of microbiota structure.
The primary findings of this study are that the vast majority of right-sided CRCs are associated with a dense bacterial biofilm and that the normal colonic mucosa from patients whose tumors are covered with biofilms (whether right-or left-sided) are biofilm positive. None of the normal mucosa from patients with biofilm-negative CRCs possessed a biofilm. These findings introduce the concept that the organization, as opposed to the composition per se, of the mucosa-associated microbial community is an important factor in CRC pathogenesis, particularly in the proximal colon. Microsatellite instability, hypermethylation, hypermutation (not all correlating with the presence of microsatellite instability), and the BRAF(V600E) mutation have also been associated with right colon cancer (23) . On the basis of the numbers of patients and normal individuals with colonic biofilms, we speculate that colorectal cancers develop in two different settings: individuals with biofilms and individuals without them. Based on the data described here, the risk of developing CRC is more than fivefold higher in the patients with biofilms compared with those without biofilms. This risk is considerably higher than that reported for other environmental associations with CRCs (24, 25) . One can envision minimally invasive assays to evaluate the presence of these biofilms, as well as probiotic treatments that could eliminate them. On the basis of these findings, prospective epidemiologic studies to directly test these hypotheses are currently being designed.
Materials and Methods
This study was approved by the Johns Hopkins Institutional Review Board and the Medical Institutional Review Board and the UMMC Medical Ethics Committee at the University of Malaya. All samples were obtained in accordance with the Health Insurance Portability and Accountability Act. Excess colon tumor (adenomas and cancers) and paired normal tissues were collected for analysis from patients undergoing surgery at JHH or UMMC in Kuala Lumpur, Malaysia. Healthy control patients undergoing screening colonoscopy or colonoscopy for diagnostic workup at JHH were also enrolled. Colon tissues were analyzed with up to 11 FISH probes for bacterial composition and biofilm bacterial density and depth; by SEM, fluorescence microscopy (IL-6, E-cadherin), ELISA (IL-6), and immunohistochemistry (pStat3, Ki67). Extracted sample DNA was amplified and sequenced to determine the V3-V5 region of 16S rDNA using the Roche 454 method and procedures described by the Human Microbiome Project standard protocols. Raw sequence reads were processed to yield a final high-quality contaminantfree dataset analyzed by the CloVR-16S pipeline (v1.1) (26) . Unweighted UniFrac distances (27) and principal coordinate analysis plots were computed in QIIME. The nonparametric Mann-Whitney U test [performed in R (v2.15.1)] was used to analyze all data except as noted in the text. Pairwise β-diversity comparisons also used the nonparametric Mann-Whitney U test. Detailed methods are provided in SI Appendix, Materials and Methods.
